ABSTRACT During metastasis, cells can use proteolytic activity to form tube-like "microtracks" within the extracellular matrix (ECM). Using these microtracks, cells can migrate unimpeded through the stroma. To investigate the molecular mechanisms of microtrack migration, we developed an in vitro three-dimensional (3D) micromolded collagen platform. When in microtracks, cells tend to migrate unidirectionally. Because focal adhesions are the primary mechanism by which cells interact with the ECM, we examined the roles of several focal adhesion molecules in driving unidirectional motion. Vinculin knockdown results in the repeated reversal of migration direction compared with control cells. Tracking the position of the Golgi centroid relative to the position of the nucleus centroid reveals that vinculin knockdown disrupts cell polarity in microtracks. Vinculin also directs migration on two-dimensional (2D) substrates and in 3D uniform collagen matrices, as indicated by reduced speed, shorter net displacement, and decreased directionality in vinculin-deficient cells. In addition, vinculin is necessary for focal adhesion kinase (FAK) activation in three dimensions, as vinculin knockdown results in reduced FAK activation in both 3D uniform collagen matrices and microtracks but not on 2D substrates, and, accordingly, FAK inhibition halts cell migration in 3D microtracks. Together these data indicate that vinculin plays a key role in polarization during migration.
INTRODUCTION
Cancer cell migration is a key step in the dissemination of cells from a primary tumor through the collagenous stromal extracellular matrix (ECM) during cancer metastasis. Metastatic cancer cells escape from primary tumors using diverse microenvironment-dependent migration strategies, and cells can migrate through the stroma both individually and as collectives of cells, forming sheets, files, or clusters (Friedl and Wolf, 2003) . Critically, proteolytic-and force-mediated matrix remodeling by migrating cells can lead to the formation of cleared pathways or "microtracks" within the ECM (Gaggioli et al., 2007; Friedl and Gilmour, 2009; Giampieri et al., 2009) . Of interest, cancer cells can escape from the primary tumor in a proteolysis-independent manner by coopting these microtracks, and cells' unidirectional migration within microtracks includes elements of both two-and three-dimensional (2D and 3D) cell migration Carey et al., 2015) . Migration through these microtracks reflects 2D migration, in part, because cells do not require proteolytic activity, whereas it also resembles 3D migration because cells can bind to fibrillar collagen in three dimensions during migration. Previously we developed in vitro-micropatterned 3D collagen microtracks using state-of-the-art microfabrication techniques and showed that mechanical cell-matrix interactions are not necessarily required for migration through 3D collagen microtracks, as matrix-free cleared pathways provide less resistance and eliminate the need for matrix remodeling, traction generation, and extensive cell body deformation in mediating migration within 3D collagen matrices (Fraley et al., 2012) . Previous studies suggest that both of these proteins are recruited to mature focal adhesions on 2D substrates and may be less common or absent in nascent adhesions (O'Neill et al., 2000; Beningo et al., 2001) . However, it is not clear how their role in two dimensions translates into their role in three dimensions or microtrack migration.
To examine whether and how focal adhesions contribute to unidirectional microtrack migration, we used a microfabricated collagen microtrack platform that closely mimics the structural, mechanical, and chemical properties of migration-enabling microtracks within the stromal ECM . Recently we used this system to show that microtracks within 3D ECM eliminate resistance to migration and thus reduce the need for traction force generation and matrix remodeling, whereas 3D collagen matrix migration requires mechanical cell-matrix interaction (Carey et al., 2015) . Here our primary goal is to understand the role of focal adhesion molecules in 3D microtrack migration. Of interest, our results indicate that vinculin, an early focal adhesion molecule, plays a unique role in maintaining unidirectional cell migration in microtracks. MDA-MB-231 cells persistently migrate in one direction in microtracks, whereas vinculin-deficient cells show impaired unidirectional migration, with cells repeatedly reversing their direction of movement. Vinculin provides directional cues and mediates polarity during migration. Further investigation demonstrated a 3D-specific role for vinculin in activation and localization of focal adhesion kinase (FAK) at the protruding end of the migrating cells in 3D migration.
RESULTS

Cancer cells exhibit unidirectional migration in microtracks
In previous studies, we developed in vitro-microfabricated collagen microtracks that closely mimic tube-like ECM structures found in the stromal matrix in vivo Carey et al., 2015) . These microtrack-like features exist in the stromal ECM surrounding primary tumors in the MMTV-PyMT murine mammary tumor model ( Figure 1A ). When seeded into our fabricated microtracks, MDA-MB-231 cancer cells generally migrate unidirectionally ( Figure 1B ). The cells migrate long distances (100-250 μm) in one direction for an average of >300 min in 3D collagen microtracks ( Figure 1C ) before changing direction. (Carey et al., 2015) . However, it is not yet clear how cells adhere to and migrate through these physiological collagen microtracks and which molecular mechanisms govern this unique mode of migration.
Various molecular mechanisms, including regulation of cytoskeletal protrusion, cell-matrix adhesion, proteolysis, and actomyosin contractility, are essential for effective cell migration (Lauffenburger and Horwitz, 1996; Friedl and Gilmour, 2009 ). Many studies have comparatively explored molecular mechanisms of migration in 2D substrates and 3D environments, often finding that 2D migration behavior does not always reflect 3D migration behavior. For example, Meyer et al. (2012) failed to observe a correlation between growth factor-induced cell migration responses on a 2D substrate compared with those within a 3D ECM. Alternatively, they found that 2D protrusions can predict growth factor-induced cell migration in 3D matrices. Zaman et al. (2006) showed that the tumor cell migratory response to matrix stiffness is fundamentally different in 3D matrices than with 2D substrates. In addition, little association has been found between the roles of specific focal adhesion proteins during 2D and 3D migration. Numerous proteins involved in focal adhesion assembly and disassembly in two dimensions play different roles and have differing degrees of importance in regulating 3D cell migration (Fraley et al., 2012; Friedl et al., 2012; Doyle et al., 2013) . Because cell-matrix adhesion is a fundamental element of cell migration, it is critical to understand the role of adhesion molecules during 3D microtrack migration separately from their role in 2D substrate and 3D uniform collagen matrix migration.
Vinculin, a prominent and well-characterized focal adhesion protein, has been shown to be critical in regulating cell motility through both structural and signaling means (Mierke et al., 2010; Goldmann et al., 2013) . It mediates the connection of the cell cytoskeleton to the extracellular matrix and helps to transmit cellular forces by binding F-actin as well as talin and α-actinin, which bind to integrins (Ziegler et al., 2006) . Vinculin is also required in early focal adhesion formation (Galbraith et al., 2002) , in which nascent focal adhesions can be highly transient (Tan et al., 2010) . Moreover, vinculin knockdown has been correlated with rapid focal adhesion turnover, resulting in the formation of smaller and fewer focal adhesions (Saunders et al., 2006; Srichai and Zent, 2010) . In addition to vinculin, zyxin and p130Cas (a scaffolding protein) have been suggested to play a role 2011; Carisey et al., 2013) , we sought here to determine the role of focal adhesions in microtrack migration. We targeted the focal adhesion proteins vinculin, p130Cas, and zyxin using small interfering RNA (siRNA) and confirmed the knockdown of these three proteins by Western blotting after siRNA transfection (Figure 2A ). To examine the role of focal adhesions in microtrack migration, we seeded
Vinculin promotes persistent, unidirectional microtrack migration
We previously showed that microtrack migration has a unique and diminished requirement for cell-matrix mechanocoupling (Carey et al., 2015) . Because focal adhesions are critical to bidirectional cell-matrix signaling (Geiger et al., 2009 ; Prager-Khoutorsky et al., ( Figure 3B ). Unidirectional microtrack migration in control cells was accompanied by anterior Golgi localization relative to the cell centroid 100% of the time, whereas vinculin-deficient cells displayed anterior Golgi localization ∼50% of the time ( Figure 3C ).
Vinculin is required for directional migration in two and three dimensions
Cell migration behaviors are not always conserved between 2D and 3D environments, and focal adhesions have been shown to have unique mechanistic roles in regulating 2D and 3D migration (Meyer et al., 2012) . Because microtrack migration includes elements of both 2D and 3D migration Carey et al., 2015) , we next sought to test whether the unique migration behavior of vinculin-deficient cells observed in 3D microtracks was conserved in 2D substrate and 3D uniform collagen matrix migration systems.
In 3D uniform collagen matrices, cells treated with vinculin-targeting siRNA generally traveled shorter distances than in control siRNA-treated cells ( Figure 4A ). Vinculin-knockdown cells exhibited significantly reduced stepwise cell migration speed ( Figure 4B ) and net displacement from their initial position ( Figure 4C ) compared with control siRNA-treated cells. In addition, control siRNA-treated cells showed higher 3D migration directionality than vinculin-deficient cells ( Figure 4D ). Analysis of initial cell spreading in 3D uniform collagen matrices indicated that vinculin-knockdown cells spread more slowly and achieved clear front-rear morphologies indicative of mesenchymally migrating cells (Friedl and Gilmour, 2009 ) compared with control siRNA-treated cells ( Figure 4E ). Together these data indicate that vinculin plays an important role in cell spreading, migration efficiency, and migration directionality in 3D ECM microenvironments.
As in 3D uniform collagen matrix migration, cells treated with vinculin siRNA and seeded on 2D substrates traveled shorter distances ( Figure 5A ), exhibited reduced stepwise cell migration MDA-MB-231 cells treated with scrambled (control) or focal adhesion protein-targeting siRNA in 3D microtracks. Whereas p130Cas-and zyxin-knockdown cells were able to migrate unidirectionally for several hours similarly to control cells, vinculin-deficient cells failed to migrate persistently in one direction ( Figure 2B ). Specifically, vinculin-knockdown cells reversed direction multiple times. Similar to control cells, ∼70% of p130Cas-and zyxin-deficient cells migrated unidirectionally in microtracks, but only ∼30% of the vinculin-knockdown cells were able to maintain persistent directionality ( Figure  2C ). Whereas control cells eventually reversed direction over longer time periods (typically on reaching the end of the channel), vinculindeficient cells showed frequent reversals, often in rapid succession ( Figure 2D ). Of interest, despite their unique migration behaviors, vinculin-knockdown cells exhibited similar migration speeds to control cells treated with scrambled siRNA ( Figure 2E ).
Vinculin regulates cell polarity in 3D microtrack migration
Because cell polarity is essential for unidirectional migration (Etienne-Manneville, 2008) and our data indicate that vinculin mediates unidirectional migration, our next focus was to examine whether cell polarity is perturbed in nonunidirectional vinculin siRNA-treated MDA-MB-231 cells. It was previously established that unidirectional migration requires orientation and maintenance of a front-rear cell polarity axis (Ridley et al., 2003; Etienne-Manneville, 2008) . Because the relative localization of organelles such as the Golgi, centrosomes, and nucleus are indicative of cell polarization during cell migration (Iden and Collard, 2008; Hehnly et al., 2010) , we examined the relative centroid position of the cell, nucleus, and Golgi in control siRNA-treated and vinculin siRNA-treated cells during collagen microtrack migration ( Figure 3A) . Of interest, the nucleus was consistently positioned ahead of the cell centroid toward the leading edge of cells and in the direction of movement in control siRNAtreated cells, whereas the nucleus and Golgi repeatedly switched positions relative to the cell centroid in vinculin siRNA-treated cells Figure 6A ), generating significantly reduced traction forces compared with control siRNA-treated cells ( Figure 6B ). Of note, control and vinculin siRNA-treated cells also exhibited differences in cell area. Vinculin-knockdown cells showed reduced cell area and spread less compared with control siRNAtreated cells ( Figure 6C ). Therefore, we measured normalized force (per area) and did not observe a significant difference between control and vinculin-knockdown cells ( Figure 6D ). Of interest, we observed an increase in traction force generation as an increasing function of cell area when we plotted force as a function of cell area ( Figure 6E ). The plotted data distinguish between the control siRNAand vinculin siRNA-treated cells; the control siRNA-treated cells generated more force with greater area change than vinculin siRNAtreated cells ( Figure 6E ).
Vinculin coregulates FAK in three but not two dimensions
Like other focal adhesion proteins, a critical function of vinculin is to establish both physical and biochemical connections between the ECM and intracellular domain of the cell by binding to the cytoplasmic actin cytoskeleton and transmembrane integrins (Wozniak et al., 2004) . As integrins associate with the actin cytoskeleton through vinculin, other focal adhesion proteins are recruited to the complex, including various scaffolding proteins and adaptor proteins, which can further associate with additional signaling molecules and activate various pathways (Amano et al., 2010) . One such protein is FAK, which modulates focal adhesive strength by reducing vinculin localization to the focal adhesion complex (Dumbauld et al., 2010) . Of interest, whereas vinculin knockdown in MDA-MB-231 cells induced speeds ( Figure 5B ), and showed reduced net displacement compared with cells treated with nontargeting control siRNA ( Figure  5C ). In addition, vinculin knockdown induced a significant decrease in migration directionality ( Figure 5D ). Despite the significant differences in 2D migratory behavior induced by vinculin siRNA treatment, cell migration on planar substrates is unconstrained and is therefore largely random (Wu et al., 2014) . Thus, we further examined the role of vinculin in a wound-healing model, in which directional 2D migration can be more effectively measured. Vinculin knockdown significantly reduced closure rate (Figure 5, E and F) . To determine whether vinculin regulates directional motility in cell types other than MDA-MB-231s, we studied the motility of vinculinnull and wild-type vinculin-expressing fibroblasts (Dumbauld et al., 2013) . Similar to siRNA-treated MDA-MB-231 cells, vinculin-null mouse embryonic fibroblasts (MEFs) displayed a significantly slower wound closure rate than did wild-type vinculin-expressing MEFs ( Figure 5G ). Taken together, these data show that vinculin is important for maintaining efficient and directional migration in 2D microenvironments.
Vinculin regulates traction force generation
Because force generation is a fundamental component of cell motility (Pelham and Wang, 1998; Dembo and Wang, 1999) and is mediated by focal adhesions (Beningo et al., 2001; Oakes et al., 2012; Sim et al., 2015) , we investigated whether vinculin regulates traction force generation. We used traction force microscopy on control and vinculin-knockdown MDA-MB-231 cells to measure the effect of vinculin knockdown on cell contractility. Vinculin-deficient cells exhibited uniquely contributes to FAK activation and localization in 3D collagen microenvironments but not on 2D substrates.
DISCUSSION
In this work, we demonstrated that the focal adhesion protein vinculin helps to maintain cell polarity and unidirectional migration in 3D in vitro collagen microtracks. Similarly, vinculin expression is also required for efficient, directional migration in isotropic 2D substrates and 3D uniform collagen matrices. Specifically, we found that vinculin-deficient cells displace significantly shorter distances, migrate with lower stepwise speeds, and exhibit reduced migration directionality in 2D substrates and 3D collagen matrices. In addition, vinculin-deficient cells generate less traction force, and both siRNAtreated MDA-MB-231 cells and vinculin-depleted fibroblasts show a modest but statistically insignificant reduction in FAK activation on 2D substrates, vinculin knockdown dramatically and significantly reduced FAK activation in 3D collagen matrices (Figure 7, A and B) . Similarly, whereas vinculin knockdown had no effect on pFAK accumulation at focal adhesions on 2D substrates ( Figure 7C, left) , vinculin-deficient cells were unable to localize pFAK to cell protrusions in 3D uniform collagen matrices ( Figure 7C, middle) . Moreover, vinculin-deficient cells also failed to localize pFAK at the protruding end in 3D collagen microtracks ( Figure 7C, right) . To test directly whether FAK activity regulates cell migration in 3D collagen microtracks, we treated MDA-MB-231 cells with the FAK inhibitor PF573228 and found that FAK inhibition significantly reduced the fraction of motile cells ( Figure 7D ) as well as cell migration speed ( Figure 7E ) in microtracks. Taken together, these results demonstrate that vinculin Recent findings show that vinculin is up-regulated in highly migratory cells, and vinculin expression at focal adhesion complexes has been associated with increased cell migration, as well as metastasis formation in vivo (Mierke, 2009) . In this study, we found that vinculin regulates directional cell migration on 2D substrates, in 3D uniform collagen matrices, and in 3D collagen microtracks, where cells typically migrate with high unidirectional persistence.
Previous work demonstrated that vinculin-deficient cells are significantly less invasive and show decreased directional persistence in 3D matrices (Mierke et al., 2010) . Our finding that vinculin enables efficient and directional migration on 2D substrates and in 3D uniform collagen matrices is consistent with these results. Furthermore, the loss of unidirectional microtrack migration in vinculin-deficient cells provides additional insight into microtrack-specific migration mechanisms Carey et al., 2015) . Persistent, directional migration is enabled by front-rear cell polarization, which can include anisotropic organization of cell organelles, intracellular signaling networks, and the cytoskeleton (Pegtel et al., 2007; Iden and Collard, 2008; Hehnly et al., 2010) . Given that nucleus-Golgi organization, front-rear cell polarity, and FAK activation in 3D microenvironments were perturbed by vinculin knockdown and that direct FAK inhibition significantly reduced microtrack motility, our results suggest that vinculin contributes to cell polarity during migration and may do so by regulating signaling through FAK. Future work will examine the role of vinculin-FAK signaling in establishing and maintaining cell polarity during migration.
Of note, vinculin plays a key role in the transmission of extracellular mechanical stimuli leading to the reorganization of cell polarity (Carisey et al., 2013) and also contributes to traction force strength (Dumbauld et al., 2013; Dumbauld and García, 2014) . Mierke et al. (2010) demonstrated that vinculin-expressing cells generated enhanced traction forces that enable them to overcome the restrictive environment of a dense 3D matrix more effectively than their low vinculin-expressing counterparts. Here we find that, in addition to generating reduced traction forces, vinculin-knockdown cells show a phenotypic change accordingly by exhibiting reduced cell area compared with controls. This phenotypic change could also potentially explain cells' impaired ability to move efficiently within permissive collagen microtracks that provide little resistance to migration and reduce the mechanistic burden of movement Carey et al., 2015) .
The absence of vinculin may trigger other subsequent signaling in 3D and 2D migration through different mechanisms (Wozniak et al., 2004) . Our results show that vinculin deficiency results in lower speed on 2D substrates and in 3D collagen matrices, but there was no significant difference in cell speed in 3D microtrack migration. Recent studies also showed that vinculin-FAK coregulation in 2D migration systems can be quite different from the results obtained with a 3D migration system (Mierke, 2013) . Whereas cytoskeletal dynamics, adhesion turnover, and the transmission and generation of traction forces play essential roles in 2D motility, cell motility in 3D systems is further regulated by cellular stiffness, cell deformability, and matrix remodeling (Mierke, 2009; Carey et al., 2012) . Previous work demonstrated increased activation of adhesion adapter proteins like FAK in vinculin-knockout MEFs on 2D culture systems (Saunders et al., 2006; Mierke, 2009) . Further, vinculin recruitment and localization to focal adhesions is regulated by FAK on micropatterned substrates (Dumbauld et al., 2010) . Thus our finding that vinculin knockdown reduces FAK activation uniquely in both 3D collagen matrices and 3D microtracks but not on 2D substrates is not inconsistent with these data, and in fact provides further insight into the microenvironment-specific regulation of cell-matrix adhesion significantly reduced directional migration in a wound-healing migration model. Of interest, we found that vinculin plays a microenvironment-specific role in the regulation of FAK by contributing to its activation and localization in 3D microtracks and 3D uniform collagen matrices but not on 2D substrates.
The ability of adherent cells to migrate and invade depends on the dynamic regulation of cell-matrix linkages at focal adhesions (Parsons et al., 2010) . Moreover, directional migration of the cell requires continuous, rapid, and coordinated formation and turnover of focal adhesions at the leading edge of the cell body (Webb et al., 2002; Nagano et al., 2012) . The focal adhesion protein vinculin is required for early focal adhesion formation, with some evidence indicating its presence in nascent focal adhesions, which are highly transient (Tan et al., 2010) . In addition, vinculin knockdown has been shown to correlate with smaller and fewer focal adhesions, which turn over rapidly (Saunders et al., 2006; Srichai and Zent, 2010) . 1% penicillin-streptomycin (Life Technologies, Grand Island, NY). Cells were maintained in culture at 37°C and 5% CO 2 . Wild-type vinculin and vinculin-null MEFs were maintained as previously described (Dumbauld et al., 2013) .
Preparation of murine tumor model and imaging
MMTV-PyMT transgenic mice on the FVB strain background were obtained from the Jackson Laboratory (Bar Harbor, ME). All mice were maintained following a protocol approved by the Cornell University Institutional Animal Care and Use Committee. Mice were killed at 8 wk of age by CO 2 asphyxiation, and mammary tumors were collected and snap frozen. Confocal reflectance imaging of freshly thawed tumor stroma was performed ex situ as described previously (Carey et al., 2015) . signaling networks. Because of the differences in adhesion substrate composition, conformation, and mechanics between 2D and 3D ECM (Cukierman et al., 2001) , it is plausible that cues in the microenvironment mediate both upstream and downstream elements of adhesion signaling. Future work should continue to address extracellular control of cell-matrix adhesion composition and signaling, as well as downstream outcomes including, but not limited to, cell polarity and migration.
MATERIALS AND METHODS
Cell culture and reagents
Highly metastatic MDA-MB-231 breast adenocarcinoma cells (HTB-26; American Type Culture Collection, Manassas, VA) were maintained in DMEM supplemented with 10% fetal bovine serum and 
3D and 2D cell migration studies
For 3D migration studies, 3D collagen microtracks and matrices were prepared using type I collagen extracted from rat-tail tendons as previously described Carey et al., 2015) . Briefly, 3 mg/ml (for 3D microtracks) and 1.5 mg/ml (for 3D matrix) collagen solutions were prepared from a 10 mg/ml collagen stock solution using ice-cold complete medium and 1 N NaOH (to neutralize at pH 7.0). MDA-MB-231 cells were seeded within collagen scaffolds at low cell density to obtain isolated cells for singlecell migration studies. Where indicated, siRNA-treated cells were used or complete medium was supplemented with the FAK inhibitor PF573228 (5 μM; Santa Cruz Biotechnology).
For 2D single-cell migration experiments, siRNA-treated MDA-MB-231 cells were seeded on culture plastic. For 2D wound-healing experiments, MDA-MB-231 cells were seeded on 4-cm 2 plastic culture wells in complete medium at 50-60% confluence for 12-18 h before transfection. Samples were transfected as described and incubated at 37°C until cells reached 100% confluence to form a monolayer. To create a wound, the cell monolayer was lightly scratched in a straight line with a p200 pipette tip. For the MEF wound-healing assay, plastic culture wells were coated with fibronectin (F1141; Sigma-Aldrich) before seeding cells and scratching.
3D and 2D cell migration analysis
All cell migration imaging was performed using time-lapse phase contrast and confocal microscopy. Image analysis was performed using ImageJ.
For 3D microtrack migration studies, cells were seeded in microtracks and allowed to adhere for 6 h. Time-lapse imaging was performed every 20 min. Cell migration distance was quantified by determining the displacement of the cell from its initial position, and the relative positions of the nucleus and Golgi apparatus were determined by outlining the cell, cell nucleus, and Golgi apparatus and measuring centroid position for each using ImageJ software.
Stepwise cell speed was calculated by averaging the distance traveled between each frame and dividing by the time step. Measurements were taken over a minimum of 6 h. The average stepwise speed for all single cells was represented in boxplots Carey et al., 2015) . All data are presented for three experiments per treatment.
For both the 3D and 2D migration studies, time-lapse phase contrast imaging was performed at 10× magnification every 20 min for 24 h. All imaged cells were analyzed between 12 and 18 h after seeding. Cell trajectories, stepwise net displacement, and stepwise cell speed were calculated by measuring cell centroid position based on cell outlines as previously described . Directionality of migration was determined by measuring the ratio of the shortest, linear distance from the starting point of a time-lapse recording to the end point compared with the total net displacement of the cell (Pankov et al., 2005) . For 3D migration studies, images were acquired >200 μm above the bottom surface; time to cell elongation and front-rear cell polarity axis were measured, respectively, by recording the time when cells were clearly elongated (aspect ratio >1.75) and the time when a head and tail of cells were clearly distinguished and had initiated migration, not just protrusions. All data are represented for >45 cells and obtained from three independent experiments. For 2D wound-healing migration, time-lapse phase contrast imaging was performed at 5× magnification every hour for 20 h. The wound closure rate (per hour) was determined by outlining and calculating the remaining wound area using ImageJ.
RNA interference
MDA-MB-231 cells were transfected with 2 nM nontargeting scrambled (control) siRNA or siRNA targeting vinculin, p130Cas, or zyxin using Lipofectamine 2000 (2 μg/ml; Invitrogen, Carlsbad, CA). The nontargeting sequence was 5′-UUCCUCUCCACGCGCAGUAC-AUUUA-3′. Targeting siRNA accession numbers and sequences were, respectively, for vinculin, NM_001191370.1 and 5′-UCCUG-GAAAUCAAGCUGCUUAUGAA-3′; for p130Cas, NM_001170715.1 and 5′-GCCUCAAGAUCUUGGUGGGCAUGUA-3′, and for zyxin, NM_003461.4 and 5′-CAUGACCAAGAAUGAUCCUUUCAAA-3′. All siRNAs were custom synthesized by Life Technologies, and RNA interference-mediated knockdown was confirmed using Western blot.
Western blotting
MDA-MB-231 cells were rinsed with ice-cold phosphate-buffered saline and lysed using preheated (90°C) 2× Laemmli sample buffer as described previously (Huynh et al., 2013) . For the study of FAKinhibited cells embedded within 1.5 mg/ml collagen gels, cultures were subjected to a quick spin to remove excess medium before lysing and snap freezing. Afterward, all frozen collagen samples were ground using a liquid nitrogen-cooled mortar and pestle and lysed. All cell lysates were cleared by centrifugation at 14,000 × g, and the supernatant was snap frozen and stored at −80°C until analysis. All samples were subjected to SDS-PAGE with a Mini-PRO-TEAN Tetra System (Bio-Rad, Hercules, CA) and electrotransferred onto a polyvinylidene difluoride membrane. Blots were probed using antibodies against vinculin (V284; Millipore, Billerica, MA), zyxin (Z4751; Sigma-Aldrich, St. Louis, MO), p130cas (sc-860; Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated FAK at tyrosyne-397 (pMLC; 3283; Cell Signaling Technology, Beverly, MA), total FAK (3285; Cell Signaling Technology), and glyceraldehyde-3-phosphate dehydrogenase (MAB374; Millipore). Anti-rabbit and anti-mouse horseradish peroxidase-conjugated secondary antibodies were obtained from Rockland (Limerick, PA). After incubation with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL), blots were exposed and imaged using an ImageQuant LAS-4000 (Fujifilm, Tokyo, Japan). Protein densitometry of blots was determined with ImageJ software (version 1.47k; National Institutes of Health, Bethesda, MD).
Phase contrast and confocal microscopy
Phase contrast and confocal fluorescence images were obtained as previously described in custom temperature-, humidity-, and CO 2 -controlled incubation chambers Carey et al., 2015) . Phase contrast images were obtained using a Zeiss observer Z1m inverted microscope equipped with a Hamamatsu (Hamamatsu, Japan) ORCA-ER camera and operated by AxioVision software (version 4.8.1.0; Carl Zeiss Microscopy, Thornwood, NY). Confocal fluorescence imaging was performed with a Zeiss LSM700 laser scanning confocal microscope on a Zeiss AxioObserver Z1 inverted stand using a long-working distance water immersion C-Apochromat 40×/1.1 numerical aperture objective and operated by Zen software (version 2010). For activated FAK and filamentous actin staining, cells were allowed to spread overnight and stained with anti-pFAKY397 antibody (Cell Signaling Technology) and Alexa Fluor 568-conjugated phalloidin (Life Technologies) as previously described . For nuclei staining, samples were incubated for 5 min with a 1:1000 dilution of Hoechst 33342 and trihydrochloride trihydrate (Invitrogen) in complete medium. Samples were then incubated overnight with Golgi-RFP (Cell Light, BacMam 2.0; Life Technologies) for live-cell fluorescence imaging of the nucleus and Golgi apparatus.
Polyacrylamide gel synthesis and traction force microscopy Polyacrylamide gels embedded with 0.5-μm-diameter fluorescent microsphere beads (Invitrogen) were synthesized with a bisacrylamide:acrylamide (Bio-Rad) ratio of 7.5:0.175 to achieve a Young's modulus of 5 kPa and were coated with 0.1 mg/ml rat-tail type I collagen (BD Biosciences, Franklin Lakes, NJ) as described previously (Califano and Reinhart-King, 2008) . Control and vinculin siRNA-treated MDA-MB-231 cells were seeded on the gel surface and allowed to adhere overnight. Cellular traction vectors and the total magnitudes of force were determined using the LIBTRC analysis library developed by Micah Dembo (Boston University, Boston, MA). The overall force exerted, |F|, was calculated as the integral of the traction vector magnitudes over cell area (Reinhart-King et al., 2005) and is presented for three experiments and >40 cells per treatment.
Statistical analysis
Data are presented as mean ± SEM or box-and-whisker plot or scatter plot. The nonparametric Wilcoxon rank sum test statistical analysis was conducted in JMP (version 10; SAS, Cary, NC). Excel (Microsoft, Redmond, WA) and Matlab (R2010a; MathWorks, Natick, MA) were used to compare data for all cell migration and traction force analysis. p < 0.05 and <0.001 are considered statistically significant.
